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The majority of patients (56.2%) sustained unilateral (51.2%) or bilateral facet (48.8%) 1 dislocation. The C6/C7 vertebral level was most commonly involved (38.5%). Younger 2 adults were over-represented amongst motor-vehicle accidents, whilst falls contributed to a 3 majority of DFIs sustained by older adults. Greater vertebral translation together with lower 4 facet apposition distinguished facet dislocation from subluxation. Dislocation, bilateral facet 5 injury, reduced Glasgow coma scale, spinal canal occlusion and spinal cord compression 6 were predictive of neurological deficit. Radiographic measurements demonstrated at least 7 "moderate" agreement (ICC>0.4), with most demonstrating "almost perfect" reproducibility. Patients with subaxial facet dislocation present with the most severe neurological deficit, 3 5 resulting in tetraplegia in up to 87% of cases. [4] [5] [6] [7] [8] Rapid reduction is crucial, particularly in 6 patients with bilateral facet dislocation and significant neurological deficit. 3 Despite 7 potentially devastating consequences, the spectrum of traumatic subaxial cervical facet 8 subluxation and dislocation -herein termed Distractive Flexion Injuries [DFIs], as described 9
by Allen and Ferguson 9 -is significantly understudied. Stage 4 bilateral facet dislocation with up to 100% translation. 9 Complete neurologic injury 14 occurs more frequently following bilateral facet dislocation, 9 but by no means is this certain. 15
Newton et al. advocates reduction of cervical facet dislocation within four hours of injury to 16 prevent permanent neurological damage following low velocity trauma. 10 Whilst there is no 17 consensus on the optimal surgical management of low or high velocity trauma, 1, [11] [12] [13] [14] [15] [16] [17] [18] [19] in the 18 case of SCI prompt assessment and early intervention is crucial to optimize patient outcome. 4, with complete medical imaging (X-ray, CT and MRI) and their demographics matched the 1 study population, but with a higher proportion of dislocation injuries (75.8% vs. 56.2%). 2 3 Statistical analyses were performed using SPSS v22 (IBM, Illinois, USA). Descriptive 4 statistics were applied to epidemiological data. Mann-Whitney U tests and Fisher's exact test 5 of independence analyses (α = 0.05) were used to compare continuous and categorical 6 variables, respectively, between SCI and non-SCI populations. Inter-observer agreement and 7 intra-observer repeatability for radiographic measurements were evaluated using Bland-8
Altman (B-A) plots and intra-class correlation coefficients (ICC); [38] [39] [40] Where patients had both CT and X-ray images, B-A plots were used to investigate whether 14 measurements from the two modalities were equivalent, and could therefore be assigned to a 15 single variable. 16
17
Binary logistic regression models were developed to identify risk factors for SCI. Seven 18 subgroup regression models were developed that included only those patients with complete 19 data for the predictor variables of interest. Two models analysed causation: (1) high-velocity 20 motor-vehicle accidents (MVAs), and (2) low velocity falls, respectively. A further five 21 models analysed the radiographic measurements predictive of SCI for (3) MRI and CT; (4) 22 MRI; (5) CT; (6) X-ray and/or CT; and, (7) X-ray. 23
Each subgroup model was developed as follows. Firstly, univariate modelling (SCI vs. non-1 SCI) was conducted on each independent variable, and those with p<0.25 were included in 2 the initial multivariable regression model (see supplementary material). To avoid complete 3 separation, related classes of categorical variables were combined to eliminate zero cells if 4 they occurred in the contingency table. The multivariate model was then refined using a 5 backward elimination approach; 42 the Aikaike information criterion (AIC) assessed model fit 6 at each iterative step. Model refinement was repeated until only significant (p<0.05) 7 predictors remained, or the AIC increased by >5 points from the initial or preceding model. 8
Clinically-plausible two-way main effect interaction variables were sequentially added to the 9 main effects model. The statistical significance of each addition was assessed using a 10 likelihood ratio test, and the term was included in the final model if significant (p<0.05). 11
12
The Hosmer-Lemeshow goodness-of-fit test assessed the fit of the final model; p>0. 05 13 indicated that the fitted model was significantly different from null model. Area Under the 14 Receiver Operating Characteristic (AUROC) curves evaluated the discriminatory power of 15 the model (AUROC>0.5; α = 0.05).
42 Table 2 presents the demographic characteristics of the 226 patients admitted with DFI. Facet 3 dislocation (56.2%) was observed more frequently than subluxation, 56.3% of DFIs were 4 bilateral (equivalent to Allen and Ferguson DFI Stage 3 or 4) and concomitant facet fracture 5 was detected in 57.4%. 6 7 After the exclusion of one ambiguous case, 75 (33.2%) patients were found to have sustained 8 a SCI. For those patients with neurological deficits, 16 manual ISNCSCI worksheets that had 9 been completed prior to surgical intervention were extracted (16/75 = 21.3%). Of these 10 81.3% were AIS A or B classifications, and the remainder were AIS C (6.3%), or D 11 (12.5%). 43 The SCI population had similar demographics to the cohort from which it was 12 drawn ( Table 2) . Facet dislocation and bilateral facet injury were significantly associated 13 with SCI (both p<0.001), as was reduced GCS (p<0.001) (see Table 2 ). C6/C7 was the most 14 common level of subaxial cervical injury with neurological deficit (45.3%), followed by 15 C5/C6 (24.0%), collectively representing 69.3% of such cases. 16 17 Motor-vehicle collisions (MVCs), including motor-vehicle/motorcycle accidents and 18 pedestrian injury, were the most common cause of DFI (59.3%), followed by falls (25.7%) 19 (Table 3) . A shift in predominant injury causation from MVCs (high velocity) in younger 20 persons (<65 years old) to falls (low velocity) in the elderly was observed (Figure 3) . 21
Rollovers (51.8%) were the most common motor vehicle accident, and most MVAs occurred 22 at high speed (63.6%). Falls were most often from heights of less than two metres (70.7%) 23 (Table 3) . 24 compression compared to the non-SCI patients (p=0.008) (Table 4) . Mean facet apposition 3 was lower for the SCI (p=0.031) and dislocation (p<0.001) cohorts. Mean vertebral 4 translation was higher (p<0.001) and mean Cobb Angle and Posterior Tangent Angle (PTA)  5 were greater (p=0.008; p=0.004, respectively) for those with facet dislocations (Table 4) . In 6 contrast with the significant negative associations found for facet apposition, other DFI 7 parameters examined did not associate with neurological deficit 8 9
Inter-observer agreement and consistency, and intra-observer repeatability, were "moderate" 10 or better (ICC>0.4) for all radiographic measurements, with most demonstrating "almost 11 perfect" reproducibility ( Table 5 and Table 6 were assigned for patients who only had one of X-ray or CT images available; where both 22 imaging modalities were available, values from the earliest acquired image were used. 23
The seven subgroup multivariable logistic regression models are presented in appeared most frequently across the subgroup models (4 of 7 models) as significant 11 predictors of SCI. In these models, facet dislocation and bilateral injury increased the risk of 12 SCI at least 4.0-and 3.2-fold, respectively, when adjusting for all other variables. GCS was a 13 significant predictor in three models, and a one point increase in GCS (maximum 15 points), 14 decreased the odds of SCI by more than 20% when adjusting for other variables ( older (>65 years old; 60%) male patients were over-represented in this DFI cohort, the 14 proportion of females increased with age (24.4% <65 years old vs. 40% >65 years old). 15
MVCs and falls have been associated with an increased risk of cervical spine injury 35, 44, 45 16 and were the two most common causes of injury in this cohort. There was a shift from high-17 velocity to low-velocity injury mechanisms observed in the young and elderly, respectively; 18 similar has been reported for cervical spine injuries 46-48 and spinal column fractures in 19 general. 49 It has been proposed that the increase in SCI due to low-velocity cervical trauma in 20 the elderly may be attributed, at least in part, to age-related spondylosis.
46, 47 Such changes 21 cause narrowing of the spinal canal and may converge with all-cause falls risk to increase the 22 likelihood of neurological deterioration consequent to subaxial cervical spine trauma.
50-53 Our 23 findings (Model 2) of significant associations between SCI due to falls when age adjusted for 24 DFI characteristics (dislocation vs. subluxation; unilateral vs. bilateral) are consistent with,and support the validity of, the conclusion that radiographic analysis combined with 1 statistical modelling may provide more information than falls risk analysis, or radiographic 2 analysis, alone. 54, 55 while 25% translation is commonly used to define unilateral dislocation. 55 In our study, 7 facet dislocations were observed in 127 cases, of which 51.2% were unilateral injuries (DFI 8
Stage 2). Our findings of median vertebral translation of 36.0% (IQR: -2.7-64.7) and 20.0% 9 (IQR: 10.8-34.9) for cases of bilateral and unilateral dislocation, respectively (Table S2 in decreased facet apposition and SCI (Table 4) . Multivariable regression analysis confirmed 20 that facet dislocation (uni-or bilateral) was at least four times more likely to result in 21 neurological deficit than facet subluxation. Notably, bilateral facet injury was a significant 22 predictor for SCI, increasing such risk by over 320% when compared to unilateral facet 23 injury. SCI was observed in 61.3% of bilateral facet dislocation cases, contrasting markedly 24 with the 25.8% frequency observed for unilateral facet dislocation (Table S3 supplementarymaterial) . These values are lower than those previously reported in smaller case series, with 1 prevalence of SCI resulting from bilateral and unilateral facet dislocations varying between 2 87.5% to 100% 4, 5, 9, 25, 27 and 37% to 100%. 4, 9, 14, 22, 23, 25, 27, 30, 33 However, these previously 3 reported data mostly relate to patients identified as potential surgical candidates and may be 4 biased towards more severe cases. To our knowledge, only two papers have described the 5 frequency of concomitant SCI in DFI Stage 1 patient-cohorts: 33.3% 9 and 81.8%. 5 The cited 6 values again are higher than the 26.7% observed in our large-scale retrospective study. 23, 24 However, "facet 12 fracture" was not identified as a predictive variable in any of the final regression models in 13 our study; its conspicuous absence in our statistical models suggest that relationships between 14 concomitant fracture and spinal canal dimensions are not predictive of SCI across the 15 spectrum of subaxial cervical DFIs. 16 17 DFI is thought to result from a biomechanical insult involving compressive head-contact 18 sustained during neck flexion; 9 however, inference remains a major limitation to meaningful 19 discussion (Table 2) . Because direct investigation of the association between concomitant 20 head and facial injuries, and SCI was not possible in our retrospective study, the GCS was 21 taken as a surrogate marker for head-contact injury. With the caveat that diffuse axonal 22 injury, and subaxial cervical spine injury, may occur in the absence of head trauma, this 23 clinician-administered scale has been validated as a tool to monitor patients following head-24 contact injury. 57 as predictors of cervical trauma, and the reasons for these disparities remain unclear. 8
Although the current literature is inconclusive, the association of reduced GCS with the 9 presence of SCI in our DFI population points towards heightened risk of complex 10 neurological status following head-contact injury, and underscores the importance of 11 harnessing the predictive value of quantitative radiographic data for neurological risk 12 assessment. 13 14 Direct radiographic measurements of spinal canal occlusion and spinal cord compression 15 were the only spine parameters predictive of SCI in our cohort ( ICC values for inter-observer consistency and agreement, and intra-observer repeatability, 7 obtained from our study were similar to those reported by Furlan et al.; 72 however, 8 repeatability in our study was lower than reported by Fehlings et al. 69 It has been suggested 9 that spinal canal occlusion measurements from mid-sagittal CT images provide inconsistent 10 results, precluding mid-sagittal imaging from use in the clinical assessment of cervical 11 trauma; 60 however, the findings of the present study showed moderate to substantial 12 agreement and repeatability, indicating that CT may be appropriate for predicting risk of 13 neurological compromise. 14 15 Overall, ICC values of inter-observer agreement and intra-observer repeatability were greater 16 than, or comparable to, published values for corresponding measurements. This could be due 17 to the use of only two observers in this study, compared to 28 in one previous study. 69 18 However, our investigation had larger image databases than the previous studies that assessed 19 inter-observer agreement and as such was adequately powered for analysis. Improved inter-20 and intra-observer agreement could also be attributed to the use of the custom analysis 21
program that was developed for our study. In this program the user was prompted to identify 22 key anatomical landmarks on each image, and the measurements of interest were 23 automatically and systematically calculated from these points. This methodology may have 24 lower associated error than drawing lines to identify anatomy and measure geometry, as is 25 required on medical workstation software such as eFilm. Also, DFI injuries may permit moreaccurate identification of anatomical landmarks than other cervical trauma, due to the lower 1 incidence of associated vertebral body fractures, resulting in greater observer agreement. 2 3
The inherent limitations of retrospective analyses apply to this study. These were overcome 4 by developing numerous multivariable subgroup regression models containing only patients 5 with complete data for the predictors of interest to identify risk factors for SCI. Due to 6 insufficient documentation (e.g. missing ISNCSCI/AIS charts), together with evidence for 7 systematic inaccuracies in manually completed ISNCSCI worksheets, 73 we were unable to 8 reliably stratify neurological condition, so a binary variable for presence of SCI (neurological 9 deficit vs. no neurological deficit) was assigned to each patient. Dichotomisation of these 10 data allows for the assessment of the spectrum of neurological involvement, but introduces 11 assumptions in relation to injury heterogeneity. Thus, further work will be required to assess 12 the appropriateness of radiographic indices alone, or together with statistical modelling, to 13 stratify risk in relation to ISNCSCI/AIS injury grades, and spinal cord syndromes. Despite 14 thorough interrogation of patient management systems, radiology and operation notes, some 15 cases where DFI was secondary to more severe injury, such as in cases of polytrauma or 16 death, may have been missed. Therefore, this population represents the cohort of traumatic 17
DFIs that required tertiary hospital admission and were a principal cause of patient 18 discomfort and/or neurological deficit. The repeatability analysis subset was selected to 19 ensure complete X-ray, CT and MR imaging, and therefore had a higher proportion of facet 20 dislocations than the study population; however, B-A analyses of inter-and intra-observer 
4
IQR = interquartile range. 
